The development of neuronal projections to a target and the establishment of synaptic connections with that target can be temporally distinct events, which typically are distinguished by functional assessments. We have applied a novel neuroanatomical approach to characterize the development of limbic forebrain synaptic inputs to autonomic neurons in neonatal rats. Transneuronal labeling of preautonomic forebrain neurons was achieved by inoculating the ventral stomach wall with pseudorabies virus (PRV) on postnatal day 1 (P1), P4, or P8. In each age group, PRV-positive neurons were present in autonomic and preautonomic regions of the spinal cord and brainstem 62-64 hr after inoculation. Transneuronal forebrain labeling in rats injected on P8 was similar to the transneuronal labeling reported previously in adult rats and included neurons in the medial and lateral hypothalamus, amygdala, bed nucleus of the stria terminalis, and visceral cortices. However, no cortex labeling and only modest amygdala and bed nucleus labeling were observed in rats injected with PRV on P4, and only medial hypothalamic labeling was observed in rats injected on P1. Additional tracing experiments involving central injections of PRV or cholera toxin ␤ indicated that lateral hypothalamic and telencephalic regions projected to the medullary dorsal vagal complex several days before establishing synaptic connections with gastric-related autonomic neurons. These results demonstrate a novel strategy for evaluating synaptic connectivity in developing neural circuits and show a temporally segregated postnatal emergence of medial hypothalamic, lateral hypothalamic, and telencephalic synaptic inputs to central autonomic neurons.
The development of neuronal projections to a target and the establishment of synaptic connections with that target can be temporally distinct events, which typically are distinguished by functional assessments. We have applied a novel neuroanatomical approach to characterize the development of limbic forebrain synaptic inputs to autonomic neurons in neonatal rats. Transneuronal labeling of preautonomic forebrain neurons was achieved by inoculating the ventral stomach wall with pseudorabies virus (PRV) on postnatal day 1 (P1), P4, or P8. In each age group, PRV-positive neurons were present in autonomic and preautonomic regions of the spinal cord and brainstem 62-64 hr after inoculation. Transneuronal forebrain labeling in rats injected on P8 was similar to the transneuronal labeling reported previously in adult rats and included neurons in the medial and lateral hypothalamus, amygdala, bed nucleus of the stria terminalis, and visceral cortices. However, no cortex labeling and only modest amygdala and bed nucleus labeling were observed in rats injected with PRV on P4, and only medial hypothalamic labeling was observed in rats injected on P1. Additional tracing experiments involving central injections of PRV or cholera toxin ␤ indicated that lateral hypothalamic and telencephalic regions projected to the medullary dorsal vagal complex several days before establishing synaptic connections with gastric-related autonomic neurons. These results demonstrate a novel strategy for evaluating synaptic connectivity in developing neural circuits and show a temporally segregated postnatal emergence of medial hypothalamic, lateral hypothalamic, and telencephalic synaptic inputs to central autonomic neurons.
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Integrated visceral responses to cognitive or emotional stimuli depend on direct and relayed neural projections from telencephalic and diencephalic components of the limbic forebrain to medullary and spinal components of the autonomic nervous system (LeDoux et al., 1988; Jordan, 1990; Loewy and Spyer, 1990) . Little is known about the developmental assembly of these limbic-autonomic circuits. However, their structural and functional maturation likely continues after birth in rats, in which the first postnatal week of development is characterized by a significant amount of synapse formation in the medullary dorsal vagal complex (DVC) (Miller et al., 1983; Rao et al., 1999) . The DVC, comprising the parasympathetic dorsal motor nucleus of the vagus and the viscerosensory nucleus of the solitary tract, is the principal autonomic center of the caudal brainstem. DVC neurons receive synaptic inputs from visceral sensory afferents (Shapiro and Miselis, 1985; Rinaman et al., 1989) in addition to prominent inputs from the hypothalamus, amygdala, bed nucleus of the stria terminalis, and visceral cortex (Saper et al., 1976; Van der Kooy et al., 1984; Gray and Magnuson, 1987) . Because visceral sensory-motor circuits in the DVC already are morphologically well established in newborn rats (Rinaman and Levitt, 1993) , the marked postnatal increases in DVC synaptic density could reflect significant postnatal maturation of limbic forebrain inputs to this autonomic center. Similar analyses of synapse formation in spinal autonomic nuclei have not been reported. However, results from tract-tracing studies in developing rats indicate that the earliest forebrain projections to reach thoracic levels of the spinal cord originate from the hypothalamus and only arrive there at approximately the time of birth (Lakke and Hinderink, 1989; Lakke, 1997) .
The present study sought to characterize the early postnatal development of limbic forebrain projections to central autonomic neurons in rats. A major goal of these experiments was to distinguish between axonal ingrowth and synapse formation. Such a distinction is critical for determining the connectivity of developing neural circuits and is made possible in the present study by the use of the pseudorabies virus (PRV) transneuronal-tracing method. PRV is a neurotropic ␣-herpesvirus used for the anatomical tracing of synaptically linked neural circuits after peripheral or central inoculation (for review, see Card, 1995 Card, , 1998 Enquist and Card, 1996; Enquist et al., 1999) . Transport of the attenuated Bartha strain of PRV between CNS neurons occurs only at points of synaptic contact and proceeds in the retrograde direction (i.e., from infected neurons through to their presynaptic afferents). Highly reproducible patterns of first-, second-, and third-order retrograde transynaptic neuronal infection in the spinal cord, medulla, midbrain, diencephalon, and telencephalon have been reported in adult rats after PRV inoculation of various visceral targets (cf. Enquist et al., 1999) . Here we present new evidence of progressive postnatal synaptic assembly of limbicautonomic circuits, based on age-related increases in the transneuronal labeling of forebrain neurons after inoculation of PRV into the ventral stomach wall in neonatal rats. Additional experiments involved the microinjection of PRV or a standard retrograde tracer directly into the DVC in 1-and 6-d-old rats. Our results provide evidence of a temporally segregated emergence of medial hypothalamic, lateral hypothalamic, and telencephalic synaptic inputs to central autonomic neurons in rats during the first 10 d of postnatal development.
MATERIALS AND METHODS
Animals. E xperimental protocols were approved by the University of Pittsburgh Institutional Animal C are and Use Committee and conformed to regulations detailed in the National Institutes of Health publication Guide for the Care and Use of Laborator y Animals. Pregnant multiparous Sprague Dawley rats were purchased from Z ivic-Miller (Z elienople, PA). Rats were housed in a standardized environment (20 -22°C; 12 hr of light beginning at 7 A.M.) in individual polyethylene tubs filled with Sanicel bedding and were given water and pelleted rat chow (Purina) ad libitum. C ages were checked mornings and evenings for newborn pups. The day of birth was designated postnatal day 0 (P0). Litters were culled to 10 pups on P0 or P1. Both male and female pups were used.
V irus. The Bartha strain of PRV [PRV-Bartha (Bartha, 1961) ] was used in this study. The virus, grown to a titer of 2.0 ϫ 10 8 pf u /ml, was provided by Dr. Lynn Enquist (Princeton University, Princeton, NJ). PRV-Bartha is an attenuated vaccine strain with well defined alterations of the viral genome that reduce virulence. Details regarding the preparation, characterization, genetics, handling, and experimental use of PRV-Bartha for transneuronal tracing have been reported (C ard and Enquist, 1995; Enquist and C ard, 1996) . All experimental manipulations involving PRV were conducted in a laboratory approved for Biosafety Level 2 studies.
Stomach wall inoculation. Neonatal rats were anesthetized on P1, P4, or P8 (n Ն 10 per group) by ice-induced hypothermia. A short scalpel incision was made through the skin to expose the translucent abdominal muscle layers and the underlying white, milk-filled stomach. With the aid of a surgical microscope, the sharpened tip of a 5 l Hamilton syringe (outer diameter, 0.47 mm) containing PRV was inserted tangentially through the abdominal muscle layers and peritoneal membrane into the ventral stomach wall. A total volume of 1.0 l of PRV was injected at two to three sites. Control rats (P8; n ϭ 3) were injected with the same volume of PRV delivered into the abdominal muscles overlying the stomach, instead of into the stomach wall. [In a previous study, to control for the effects of the possible nonspecific peripheral spread of PRV from stomach wall inoculation sites, the same amount of PRV was injected either intragastrically (intraluminally) or intraperitoneally in 1-d-old rats (Rinaman et al., 1999) . The results indicated that PRV injected into the ventral stomach wall in neonatal rats did not produce any central labeling that was attributable to leakage from the injection site.] After PRV inoculation, the syringe was removed, and the abdominal muscle layer was rinsed with saline and blotted dry. The skin incision was closed with Ethilon 6-0 silk sutures. Pups were warmed in an incubator (34°C; 60% humidity) until they regained f ull recovery of respiration and mobility and then were returned to their dams and home cage.
Injected pups were inspected several times daily to ensure that they remained asymptomatic and received adequate maternal care during the postinoculation period. A 62-64 hr survival time after stomach wall inoculation was used for all rats included in this study. Preliminary experiments demonstrated that this survival time was sufficient to achieve consistent retrograde transneuronal infection of limbic forebrain neurons in the largest rats used in this study, i.e., those injected with PRV on P8 and killed on P10.5 (see Results). We reasoned that a 62-64 hr survival time also would be sufficient for potential retrograde transneuronal transport of PRV to the limbic forebrain in younger (smaller) rat pups, provided that the central synaptic connections necessary for such transport were present. L onger postinoculation survival times were not used in this study, because many rat pups injected with PRV into the stomach wall on P1 began to display adverse symptoms of infection (e.g., apparent dehydration, pallor, absence of visible milk in the stomach, and maternal exclusion from the nest) ϳ60 hr after inoculation. Rat pups that displayed adverse symptoms before 62 hr after inoculation were immediately anesthetized and killed and were not included in the present study.
Dorsal vagal comple x injection. A second set of experiments was performed to determine (1) the extent to which axons of diencephalic and telencephalic neurons project to the vicinity of the DVC in neonatal rats and (2) whether such projection neurons are capable of PRV uptake, transport, and replication. For this purpose, either PRV or a standard retrograde tracer [cholera toxin ␤ subunit (C T b); List Biologic, C ampbell, CA] was injected directly into the DVC in rats on P1 (n Ն 7 for each tracer). Additional rats were injected with C T b into the DVC on P6 (n ϭ 6). Rats were anesthetized by hypothermia and placed into a machined stereotaxic adaptor (Stoelting) designed for use in neonatal rats (Cunningham and McKay, 1993) . A short longitudinal scalpel incision was made through the skin overlying the occipital ridge. With the aid of a surgical microscope, dorsal neck muscles were bluntly dissected and retracted to reveal the roof of the fourth ventricle. The ventricular space was opened with a 25 gauge needle to visualize the dorsal surface of the caudal medulla and the area postrema (AP). A sharp, beveled glass micropipette (75-100 m outer tip diameter) was filled with either PRV (1 ϫ 10 8 pf u /ml) or C T b (0.25% in 0.15 M NaC l) and attached to a 1.0 l Hamilton syringe held in a mounted micromanipulator. The tip of the micropipette was positioned on the dorsal medullary surface at the lateral edge of the AP and then lowered 0.1-0.3 mm into the subjacent DVC. A total volume of 50 nl of either PRV or C T b was manually pressure-injected into the DVC over ϳ2 min. The syringe was left in place for 2 min after injection and then withdrawn. The skin incision was closed with Ethilon 6-0 nylon sutures. Pups were allowed to recover from hypothermia in an incubator (34°C; 60% humidity) and then were returned to their dam and home cage. Pups remained with their dam for 48 -50 hr before being anesthetized and killed by perf usion fixation (described below). All C T b-injected pups and most PRV-injected pups remained asymptomatic during this survival interval, although it was necessary to anesthetize and kill some PRV-injected rat pups (not included in this study) that displayed adverse symptoms of infection before 48 hr had elapsed.
Perf usion fixation and tissue preparation. After the appropriate survival interval, rats were deeply anesthetized by intraperitoneal injection of 8.3 mg of ketamine and 1.7 mg of xylazine (Fort Dodge Labs) and perf used transcardially with 25 ml of 0.15 M NaC l followed by 75-100 ml of 4% paraformaldehyde containing 1.4% L-lysine and 0.2% sodium metaperiodate (McLean and Nakane, 1974) . Fixed brains were removed from the skull, post-fixed at 4°C for 12-20 hr, and cryoprotected at 4°C for at least 24 hr in aqueous 20% sucrose. The spinal cord from a subset of cases in each experimental group was removed from the vertebral column and treated similarly. Coronal 40-m-thick brain sections were cut from the olfactory tubercle to the C2 level of the spinal cord using a freezing microtome. Thoracic and lumbar segments of the spinal cord were sectioned longitudinally at 50 m. Sections were collected serially in four sets and stored at Ϫ20°C in cryopreservant (Watson et al., 1986) . Before immunocytochemical processing, tissue sections were removed from cryopreservant and rinsed for 1 hr with gentle agitation in several changes of buffer (0.1 M sodium phosphate, pH 7.2).
Antisera and immunoc ytochemical methods. Primary and secondary antisera were diluted in buffer containing 1% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) and 0.3% Triton X-100 (Sigma, St. L ouis, MO). A rabbit polyclonal antiserum (Rb133; provided by Dr. Lynn Enquist, Princeton University) was used to localize PRV in tissue sections. This antiserum recognizes major PRV membrane and capsid proteins (C ard et al., 1990) . A goat polyclonal antiserum (List Biologic) was used to localize C T b neural tracer.
For immunoperoxidase labeling of either PRV or C T b, tissue sections were incubated at 4°C for 48 -72 hr in primary antiserum (Rb133 or goat anti-C T b diluted 1:20,000 or 1:50,000, respectively). All subsequent processing was performed at room temperature. Sections were rinsed for 1 hr in several changes of buffer, incubated for 1 hr in affinity-purified biotinylated donkey anti-rabbit or anti-goat IgG (1:500; Jackson ImmunoResearch), rinsed in buffer, and then incubated for 1.5 hr in Vectastain Elite avidin -biotin reagents (Vector Laboratories, Burlingame, CA; 9 l of A ϩ 9 l of B per 1.0 ml, combined 90 min before tissue incubation). After buffer rinses, sections were immersed for 5 min in a solution of 0.05% diaminobenzidine and 0.01% H 2 O 2 to generate a brown immunoperoxidase reaction product. Immunoreacted tissue sections were rinsed, mounted onto Superfrost Plus glass slides (Fisher Scientific, Houston, TX), dehydrated in a graded series of ethanol, cleared in xylene, and coverslipped with C ytoseal 60 (V W R). An adjacent set of sections was mounted onto slides and stained for Nissl substance with cresyl violet to clarif y the anatomical location of PRV-or C T bimmunopositive cells.
Data anal ysis. Every fourth section (160 m frequency) through the brainstem and forebrain was examined for PRV or C T b immunolabeling by the use of a Z eiss Axiophot light microscope equipped with Nomarski optics. Retrogradely labeled cells were easily identified by their cytoplasmic content of dark brown immunoperoxidase reaction product. The distribution of PRV-or C T b-labeled somata in the diencephalon and telencephalon was recorded in each experimental case, with reference as necessary to adjacent Nissl-stained sections to verif y anatomical locations. The distribution of labeled forebrain neurons in representative cases was plotted by the use of a computerized data acquisition system (StereoInvestigator) for purposes of illustration.
Quantitative analysis of retrograde transneuronal labeling was performed in rats that received PRV injections into the ventral stomach wall. PRV-immunopositive forebrain neurons were counted bilaterally in every slide-mounted tissue section (160 m frequency) through the anatomical region of interest. C ell count values were corrected according to the following formula:
where N is the corrected cell number, n is the number of cells counted, T is the section thickness (always 40 m in the present study), and D is the mean diameter of counted cells (Abercrombie, 1946) . The mean diameter of labeled neurons in each diencephalic and telencephalic region in each age group was determined by measuring the size of 25 representative labeled neurons per region (or by measuring all labeled neurons in the region when Ͻ25 were present). Corrected counts were combined by age group and expressed as the mean Ϯ SE. Age-related differences in PRV labeling in each forebrain region were tested for statistical significance by the use of two-way ANOVA. When f values indicated significant effects, the ANOVA was followed up with planned post hoc comparisons using Dunn's (Bonferroni) correction to control for repeated measures analysis. Differences were considered significant when p Ͻ 0.05.
Photomicroscopy and preparation of illustrations. Tissue sections were photographed with Kodak Ektachrome 160T color slide film by the use of a 35 mm camera mounted onto the microscope. Color slides were developed commercially and then scanned (Polaroid SprintScan 35) into Adobe Photoshop 5.0. Images were converted to black and white and balanced to obtain consistent white levels in nontissue regions (e.g., open blood vessels and ventricular spaces).
RESULTS

Central PRV transport after stomach wall injection: spinal cord and brainstem labeling
Data from 19 rats that received stomach wall injections of PRV on P1 (n ϭ 7), P4 (n ϭ 5), or P8 (n ϭ 7) and were killed 62-64 hr later (i.e., on P3.5, P6.5, or P10.5, respectively) were analyzed. The distribution and extent of spinal cord and brainstem PRV labeling (described below) were similar in all of these rats, with no consistent differences among age groups.
PRV-positive neurons were observed bilaterally in sympathetic regions of the thoracic and upper lumbar spinal cord (i.e., the Swanson (1992) ] indicating the temporal progression of PRV retrograde transneuronal infection from the stomach wall to preganglionic motor neurons in the DMV ( 1), to preautonomic neurons in the NST ( 2), and finally to neurons in the AP ( 3), as determined in previous work (Rinaman et al., 1999 intermediolateral cell column and central autonomic nucleus) and in the parasympathetic DVC in all rats after stomach wall inoculation (Fig. 1) . Neural infection in the DVC always was more prominent on the left side, where preganglionic vagal motor neurons that project to the ventral stomach wall are located (Shapiro and Miselis, 1985; Rinaman et al., 1999) . As shown schematically in Figure 1 , previous time course studies in adult and newborn rats have shown that vagal preganglionic motor neurons are the first DVC neurons to become infected after stomach wall inoculation, followed by neurons in the medial nucleus of the solitary tract (which innervate vagal motor neurons) and then followed by neurons in the AP (which innervate neurons in the nucleus of the solitary tract) (Rinaman et al., , 1999 . In all three age groups, transneuronally infected brainstem neurons were present bilaterally in the AP (Fig. 1 ) and also were present in the caudal raphe (obscurus and pallidus), paramedian reticular nucleus, caudal and rostral ventrolateral medulla (including the A1, C1, and A5 catecholamine cell group regions), subcoeruleus nucleus, Barrington's nucleus, pedunculopontine tegmental nucleus, and ventrolateral periaqueductal gray (data not shown). These results replicate our previous findings in rats that received 2.0 l of PRV injected into the ventral stomach wall on P1 (Rinaman et al., 1999) .
Central PRV transport after stomach wall injection: forebrain labeling
The distribution and number of transneuronally infected diencephalic and telencephalic neurons increased progressively during postnatal development (Table 1) . PRV immunolabeling was observed bilaterally in the dorsomedial nucleus of the hypothalamus (DMH) and in the dorsal, medial, lateral, and perifornical (forniceal) parvocellular subdivisions of the paraventricular nucleus of the hypothalamus (PVN) in all three age groups (Table 1; Figs. 2, 3, 4) . Perifornical neurons technically can be considered a component of the lateral hypothalamic area (LHA); indeed, we designated them LHA neurons in a recent report (Rinaman et al., 1999) . However, in the present report, labeled perifornical hypothalamic neurons at the level of the PVN were counted together with the PVN, on the basis of their observed anatomical contiguity with the lateral parvocellular subdivision (see Fig. 2 ). Labeled neurons located caudal to the PVN (as far as the caudal subthalamic nucleus) and lateral to the fornix were counted as LHA neurons in the present report. Apart from the DMH and PVN labeling noted above, no other forebrain labeling was present in the P1-P3.5 age group. Specifically, no PRV-positive neurons were observed in the caudal LHA, bed nucleus of the stria terminalis (BNST), insular cortex (IC), or infralimbic medial prefrontal cortex (mPFC) in the P1-P3.5 group (Table 1) . Amygdala labeling also was absent in this age group, except in one case (out of seven examined) in which a total of six PRV-positive neurons were counted in the medial subdivision of the central nucleus of the amygdala (CeA). In contrast, PRV labeling consistently was observed in the caudal LHA (at the level of the subthalamic nucleus), medial CeA, and laterodorsal BNST in the P4 -P6.5 and P8 -P10.5 age groups (Table 1; Figs. 3, 4) .
The overall distribution of diencephalic and telencephalic labeling observed in the P8 -P10.5 age group was qualitatively similar to the labeling observed in adult rats after PRV inoculation of the ventral stomach wall, although in adult rats such forebrain labeling requires longer postinoculation survival intervals Yang et al., 1999) . The high density of PRV immunolabeling in the PVN and CeA in rats from the P8 -P10.5 age group made it difficult to discriminate reliably and count each individual PRV-positive neuron in those brain regions. Therefore, counting was discontinued in the P8 -P10.5 age group after 500 distinctly labeled PVN neurons and 500 distinctly labeled CeA neurons were counted in each experimental case (Table 1) . Counts in these two brain regions (Table 1 , indicated as Ͼ500) were not corrected with the method of Abercrombie (1946) , and it was clear that many labeled PVN and CeA cells went uncounted in each of the seven experimental cases in this age group. Although PRV-positive neurons were absent in the IC and mPFC in the P4 -P6.5 age group, both visceral cortex regions consistently contained many labeled neurons in the P8 -P10.5 group (Table 1; Fig. 4 ).
Central PRV transport after control injections of PRV into abdominal muscles
A very different pattern of CNS infection was observed in rats that received PRV injections into the ventral abdominal musculature on P8 (n ϭ 3). Spinal cord, brainstem, and cerebellar labeling in these rats was consistent with retrograde transneuronal transport of PRV through both sympathetic and somatic neural circuits (Fig. 5) . Parasympathetic motor neurons in the DVC were not infected. A small number of infected neurons were observed in the lateral nucleus of the solitary tract, but none were observed in the AP (Fig. 5) . Infected forebrain neurons were prominent in the caudal LHA, DMH, dorsal and medial parvocellular PVN, primary motor cortex (layer V pyramidal neurons), and supplemental somatosensory cortex (Fig. 5) . Importantly, despite clear infection of spinal and brainstem sympathetic and presympathetic neurons, no infected neurons were observed in the CeA, BNST, IC, or infralimbic mPFC, all regions that did contain infected neurons after injection of PRV into the ventral stomach wall on P8.
Forebrain labeling after direct injection of PRV or CTb into the dorsal vagal complex
To ascertain whether autonomic-related forebrain neurons are capable of PRV uptake, transport, and replication in neonatal rats, we injected either PRV or a standard retrograde tracer (CTb) directly into the DVC on P1 or P6. All rats were anesthetized and killed 48 -50 hr after tracer injection. The location and size of each injection site was determined by examining PRV or CTb immunoperoxidase labeling in the caudal brainstem. Rats with injection sites that were appropriately centered in the medial DVC included five rats injected with PRV on P1, three rats injected with CTb on P1, and four rats injected with CTb on P6. Injection sites in these cases invariably involved the AP, gracile nucleus, hypoglossal motor nucleus, and/or dorsal reticular formation (Fig. 6) .
The distribution and overall extent of retrograde labeling in the forebrain were similar after injection of either PRV or CTb into the DVC on P1, with one notable exception; many more DMH neurons were labeled after PRV injections than were labeled after CTb injections. In contrast to the results after injection of PRV into the stomach wall on P1, after DVC injection on P1 both tracers produced substantial retrograde labeling in medial, lateral, and perifornical parvocellular subnuclei of the PVN, caudal LHA, medial CeA, and laterodorsal BNST. Retrogradely labeled neurons were not present in the IC or mPFC after DVC injection of either tracer on P1. In contrast, injections of CTb into the DVC on P6 consistently produced retrograde labeling of many neurons in both the IC and infralimbic mPFC (Fig. 7) , as well as neurons in the LHA, PVN, CeA, and BNST. Few retrogradely labeled DMH neurons were observed after injection of CTb into the DVC on P6, similar to the results obtained in rats injected with CTb on P1.
Many retrogradely labeled neurons were present in layer V of the primary motor cortex in the P6 -P8 group, likely a result of tracer diffusion from the CTb injection site into the subjacent hypoglossal motor nucleus and/or adjacent dorsal reticular formation. Similar tracer spread also occurred in some of the rats injected on P1 (see Fig. 6 ), but in those cases cortex labeling was not observed.
DISCUSSION
Results from this study demonstrate a novel anatomical strategy for evaluating synaptic connectivity in developing neural circuits and show a temporally segregated postnatal emergence of medial hypothalamic, lateral hypothalamic, and telencephalic synaptic inputs to central autonomic and preautonomic neurons in rats.
Stomach wall PRV inoculation parameters and postinjection survival times were kept constant and generated similar patterns of neuronal infection in the spinal cord and caudal brainstem of rats in each age group. Autonomic control regions of the diencephalon (DMH, LHA, and PVN) and telencephalon (CeA, BNST, IC, and mPFC) were transneuronally infected after stomach wall inoculation in the P8 -P10.5 age group, as in adult rats Yang et al., 1999) . However, the visceral cortex (IC and mPFC) was not infected after stomach wall inoculation of PRV in the P4 -P6.5 age group, and the caudal LHA, CeA, BNST, IC, and mPFC were not infected after stomach wall inoculation in the P1-P3.5 age group. Thus, diencephalic and telencephalic labeling increased with postnatal age, despite the fact that in older rats the virus had to be transported a greater distance in the same 62-64 hr postinoculation survival interval. These results provide evidence of progressive increases in synaptic connectivity between limbic forebrain neurons and autonomic neurons in rats postnatally and demonstrate the efficacy of using the PRV-tracing method to monitor temporal differences in the development of axonal projections and synaptic connections between functionally related CNS regions. 
Specificity of PRV as a transneuronal tracer
PRV exhibits a pronounced affinity for axon terminals (Marchand and Schwab, 1987) that results in its uptake by neurons after peripheral or central inoculation. This initial invasive event is followed by retrograde transport, replication, and transneuronal passage of PRV through central polysynaptic circuits (cf. Enquist et al., 1999) . All strains of PRV that have been used for neural tract tracing, including the attenuated vaccine strain (Bartha) used in the present study, ultimately can produce neuronal pathology and necrosis after prolonged intracellular replication. Importantly, however, the potential nonspecific extracellular spread of PRV from pathologically infected neurons is restricted by glia, macrophages, and other immune cells that are recruited to sites of neuronal infection (Card et al., 1990 Rassnick et al., 1998) . These reactive cells effectively isolate infected neurons and contribute to the removal of cellular debris, thereby contributing to the demonstrated transynaptic specificity of PRV transport in adult rats . In consequence, nonspecific central neuronal infection is not observed, even in brain regions that are juxtaposed directly to those containing severely infected necrotic neurons. We reported recently that spatiotemporally ordered astrocytic and microglial responses to central PRV infection in 1-d-old rats are similar to responses in adult rats (Rinaman et al., 1999) . In that study and in the present one, central neuronal infection was observed exclusively in autonomic-related regions of the CNS after injection of PRV into the ventral stomach wall. These data together indicate that the PRV-tracing method is a sensitive and suitable approach for investigating synaptically linked circuits in the mature and developing CNS. It is important to note, however, that the ability of newly developed synapses to transport PRV has not yet been temporally correlated with the emergence of "functional connectivity" in terms of presynaptic neurotransmitter release and postsynaptic sensitivity.
Parasympathetic contribution to transneuronal telencephalic labeling
A control experiment was performed in the present study, in which PRV was injected into the abdominal muscles overlying the stomach in rats on P8. This experiment was performed because inoculation of the ventral stomach wall required passing a PRVfilled glass micropipette through those abdominal muscles. The resulting pattern of transneuronal CNS infection was very different from the pattern observed in rats of the same age after inoculation of the stomach wall. Spinal cord, brainstem, and cerebellar infection in muscle-injected rats was consistent with retrograde transneuronal transport of PRV through both sympathetic (vascular) and somatic neural circuits; vagal parasympathetic motor neurons in the DVC were not infected. Transneuronally infected forebrain neurons were prominent in the caudal LHA, DMH, dorsal and medial parvocellular PVN, primary motor cortex (layer V pyramidal neurons), and supplemental somatosensory cortex after abdominal muscle inoculation. However, infected neurons were absent in the CeA, BNST, IC, and mPFC, despite robust infection of sympathetic and presympathetic neurons in the spinal cord, brainstem, and hypothalamus. Thus, transneuronal infection of telencephalic neurons after stomach wall inoculation likely occurred through projections to the parasympathetic DVC. By the same logic, transneuronal infection of hypothalamic neurons could have occurred through both sympathetic and parasympathetic routes. Other data consistent with these conclusions were obtained in adult rats in which PRV was injected into the pancreas after sympathetic or parasympathetic routes of forebrain infection were surgically eliminated (Loewy and Haxhiu, 1993; Jansen et al., 1997) . Studies using conventional anterograde and retrograde tract tracers also have shown that the LHA and PVN project directly to both sympathetic and parasympathetic preganglionic neurons in adult rats, whereas autonomic-related regions of the telencephalon preferentially target the DVC (Loewy, 1991) .
Age-related increases in transneuronal forebrain labeling after stomach wall inoculation
The absence of PRV labeling in the LHA, CeA, and BNST in the P1-P3.5 age group is not caused by an inability of neurons in those areas to take up or replicate virus. Many LHA, CeA, and BNST neurons were retrogradely labeled after injection of PRV directly into the DVC on P1, indicating that these forebrain neurons already have axons in or near the DVC and that the cellular mechanisms necessary for PRV neuronal invasion, retrograde transport, and replication already are functional. Together the data suggest either that the axons of LHA, CeA, and BNST neurons do not yet form synaptic contacts with gastric-related DVC neurons in rats on P1-P3.5 or that the number of such synaptic contacts is insufficient to achieve productive transneuronal retrograde PRV infection (for discussion of this general issue, see Card et al., , 1999 . By extension, cortical neurons do not have axons in or near the DVC in rats on P1, because no cortical labeling was observed 48 -50 hr after DVC injections of either PRV or CTb on P1. However, injections of CTb into the DVC on P6 produced retrograde labeling in both the IC and mPFC, as in adult rats, indicating that initial visceral cortex axonal projections to the DVC appear sometime between P1 and P6.
Functional role of limbic-autonomic circuits
Autonomic responses to stimuli that elicit fear, anxiety, or other strong emotions typically include significant alterations of cardiovascular and gastrointestinal functions. The hypothalamus, CeA, BNST, IC, and mPFC serve as principal gateways for septohippocampal and cortical influences over autonomic response components of anxiety and contextual fear conditioning (Pratt, 1992; Phillips and LeDoux, 1994; Stein, 1998; Vouimba et al., 1998; Crestani et al., 1999) . Results from the present study indicate that the first 10 d of rat postnatal development are characterized by significant, temporally sequenced synapse formation occurring between neurons in these diencephalic and telencephalic regions and autonomic circuits in the brainstem and spinal cord. The functional implications of this developmental sequence are unknown. By analogy to other CNS systems, one might hypothesize that this early postnatal period represents a "critical period" of limbic-autonomic circuit development, during which time experience or environmental events might participate in shaping ongoing synapse formation. Although this remains speculative, it is appropriate to consider what is known about the structural and functional links between the limbic forebrain and autonomic neurons, as briefly summarized below.
Dorsomedial nucleus of the hypothalamus
The DMH is implicated in visceral reactions to stress and anxiety (cf. Thompson et al., 1996) . In the present study, DMH neurons consistently were labeled at all ages examined after injection of PRV either into the stomach wall or directly into the DVC. By comparison, DMH neurons were much less frequently labeled after injection of CTb into the DVC on P1 or P6. The CTbtracing results are consistent with previous studies indicating that the DMH projects mainly to intrahypothalamic targets and sends a relatively sparse direct projection to the DVC (Thompson et al., 1996) . Considered together, these findings support the view that the more robust DMH labeling observed after PRV injections into the stomach wall or DVC is the result of transneuronal transport through another infected cell group, probably the PVN and/or LHA. Particularly dense DMH projections terminate in dorsal, ventral, and perifornical parvocellular subnuclei of the PVN and in the caudal LHA, which contain neurons that project directly to autonomic brainstem and spinal cord neurons in adult rats (Saper et al., 1976) . The transneuronal DMH labeling observed after injection of PRV into the ventral stomach wall on P1 likely originated from DMH projections to infected PVN neurons rather than from DMH projections to the LHA, because LHA neurons were not labeled in this experimental group. The increased amount of transneuronal DMH labeling observed after injection of PRV into the ventral stomach wall on P4 or P8, or after injection of PRV into the DVC on P1 or P6, could have originated from both the PVN and the LHA, because both areas contained many infected neurons in those experimental groups.
Lateral hypothalamic area
Electrolytic or cytotoxic lesions of the LHA do not affect autonomic responses to unconditioned (e.g., nociceptive) stimuli but significantly attenuate the expression of associative (learned) sympathetic and parasympathetic responses in rabbit, rat, and monkey (Smith et al., 1980; Francis et al., 1981; LeDoux et al., 1988) . LHA neurons project to both the DVC and the intermediolateral cell column of the thoracolumbar spinal cord in adult rats (Saper et al., 1976 ). An important role for LHA projections to the DVC in gastrointestinal functions has been suggested on the basis of LHA involvement in cephalic-phase (conditioned) gastric secretion and stress-related gastric and duodenal mucosal erosion (Landeira-Fernandez and Grijalva, 1999; Takahashi et al., 1999) . The existence of axonal projections from LHA neurons to the region of the DVC in neonatal rats was demonstrated in the present study after injection of CTb into the DVC on P1 or P6. However, the caudal LHA neurons that are retrogradely labeled on P1 appear not to form synaptic contacts with gastricrelated DVC neurons, as evidenced by the lack of transneuronal labeling in the caudal LHA after injection of PRV into the ventral stomach wall on P1. The transneuronal LHA labeling observed after PRV inoculation of the stomach wall on P4 or P8, as in adult rats, indicates a gradual assembly of this functional circuit.
Paraventricular nucleus of the hypothalamus
Parvocellular PVN neurons project directly to sympathetic and parasympathetic preganglionic neurons in the spinal cord and DVC (Swanson and Kuypers, 1980) and contribute importantly to the central regulation of gastric and other autonomic functions (Rogers and Hermann, 1992; Sawchenko et al., 1996) . PVN neurons that project to the DVC and contain corticotropinreleasing factor have been implicated in the production of several stress-related gastric effects, including increased acid secretion, inhibition of emptying, and gastroduodenal erosions (Ferguson et al., 1988; Tache et al., 1999) . Our results indicate that PVN synaptic projections to gastric-related autonomic neurons are present as early as P1, consistent with a previous report (Rinaman et al., 1999) . The present study extends those results by demonstrating that the number of transneuronally infected PVN neurons increases in rats during the first 10 d of postnatal development, suggesting that hypothalamic control over gastric function undergoes a significant amount of early postnatal maturation.
Substantial postnatal maturation of PVN oxytocinergic inputs to the DVC also has been demonstrated (Rinaman, 1998) . This is especially relevant to the present study, because oxytocinergic projections seem to be critical for PVN control over gastric function (Rogers and Hermann, 1985 . It is interesting to note that the pattern of gastric changes elicited by microinjection of oxytocin into the DVC mimics the changes that occur at the first taste of an anticipated meal, even before any food is swallowed Hermann, 1987, 1992; Rogers et al., 1995) . As suggested by Rogers and Hermann (1992) , CNS regions that are involved in interpreting external sensory events linked to the arrival of food might use the PVN-DVC oxytocinergic pathway as a conduit to evoke the appropriate anticipatory changes in gastrointestinal function.
Central nucleus of the amygdala and bed nucleus of the stria terminalis
Detailed anatomical studies in rats have revealed that the parvocellular PVN, CeA, and BNST together form a reciprocally interconnected continuum of "prevagal" neurons (Schwaber et al., 1982) . Our results indicate that only a subset of the PVN component of this prevagal group innervates gastric-related DVC neurons in rats between P1 and P3.5, with additional PVN, CeA, and BNST prevagal components emerging during the subsequent week. The CeA and BNST together have been implicated in the expression of autonomic correlates of emotional arousal (cf. LeDoux et al., 1988) . Direct descending projections from the CeA and BNST to the DVC (Schwaber et al., 1982; Van der Kooy et al., 1984; Danielsen et al., 1989 ) represent a sufficient pathway for the regulation of autonomic state by telencephalic structures (cf. Bernston et al., 1998) . Results from anatomical and electrophysiological studies suggest that visceral activation accompanying emotional responses involves direct inhibition of GABAergic preautonomic DVC neurons by neurons in the medial CeA, at least a portion of which are somatostatinergic (Rogers and Hermann, 1992; Pickel et al., 1996) . Thus, stimulation of inhibitory CeA inputs to the DVC should produce a disinhibition of vagal motor outflow, consistent with evidence that electrical or chemical stimulation of either the CeA or BNST increases vagally mediated gastric motility in adult rats (Hermann et al., 1990) . Our present findings suggest that the CeA and BNST do not directly modulate vagal motor function in rats until at least several days after birth.
Insular cortex and medial prefrontal cortex
The DVC receives direct input from pyramidal neurons in the IC and mPFC (Saper, 1982; Terreberry and Neafsay, 1983; Van der Kooy et al., 1984; Yasui et al., 1991b) . These "visceral cortex" areas also project to autonomic regions of the PVN, CeA, and BNST and have been implicated in autonomic reactivity associated with anxiety and other affective processes (LeDoux et al., 1988) . Stimulation of the IC or mPFC potently alters autonomic outflow, producing an inhibition of gastrointestinal activity similar to the inhibition produced by exposure to fear-inducing stimuli (Yasui et al., 1991a; Aleksandrov et al., 1996) . Results from the present study indicate that gastric-related autonomic neurons receive demonstrable synaptic inputs from neurons in the IC and mPFC by P10.5, but not at P8.5 or before. The implication of these results is that the visceral cortex does not directly modulate autonomic function in rats until after the first week of postnatal development. In fact, the axons of IC and mPFC neurons appear not to even reach the vicinity of the DVC until at least 2 or more days after birth, because neither IC nor mPFC neurons were retrogradely labeled after tracer injections (PRV or CTb) were made into the DVC on P1. Similarly, neurons in the primary somatic motor cortex were not retrogradely labeled after CTb tracer injections that involved the hypoglossal motor nucleus and adjacent dorsal reticular formation on P1, although similar tracer injections made on P6 did produce retrograde labeling of neurons in both the visceral and somatic motor cortices. These findings are consistent with previous reports that corticospinal fibers first reach the cervical spinal cord ( just caudal to the DVC) in rats on P1, although there is a 2 d delay between the arrival of corticospinal fibers in the ventral and lateral f uniculi and their invasion of the ventral horn gray matter at the same spinal level (cf. Lakke, 1997 ).
Summary and conclusions
Emotional and other cognitive experiences clearly are associated with autonomic responses in humans and other animals, including rats. Exaggerated visceral reactivity in humans is recognized as a common symptom of anxiety disorders, which feature inappropriate autonomic responses to certain triggering stimuli. The long-lasting influence of early epigenetic events on later behavioral and physiological responses to emotional stimuli (Jordan, 1990) presumably is linked to altered formation of the limbicautonomic circuits that underlie affective expression. This hypothesis has been difficult to evaluate experimentally, however, because the normal developmental assembly of these neural circuits has not been determined. Results from the present study provide the first evidence that autonomic neurons in rats are not subject to significant direct descending inputs from most regions of the limbic forebrain until several days after birth, whereas a subset of medial hypothalamic neurons appear to innervate gastric-related autonomic neurons as early as P3. The data also demonstrate the potentially broad applicability of viral-tracing methods to decipher complex events in circuit formation during brain development.
